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the largest of them all




O RCC Notation

Uity o e
Greater than 1 Less than 1
10"=10 10"=1/10=0.1
102=100 102 = 0.01
103 =1000 103 =0.001
10° = 1000,000,000 109 = 0.000000001

(billion) (billionth)

10'2 =1000,000,000,000 10-12=0.000000000001
(trillion) (trillionth)

10190 =1... (100 zeros)

(g Oog |e) Institute for Computational Cosmology




ECC Notation

A light year (ly) is unit of distance: the
distance travelled by light in 1 year

11ly=10"" m = 10" cm

about 100 times the size of the solar system
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The Ouroboros
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A hundred billion stars






Sllertn ' fthe diatert
(Need ___like this to the

o2 il

3 . . X '
” X ~ ok ‘ ' “ - 3 e o s .
3 < e . B . C - 3 . .' > - - . -
- o . e '. e . AL . .
/ . - . o
- X ’ 2SN . = - i 5 1 e 'o oV d

contains about
each with about 100 billion stars
»‘ / . ., ‘o..\ 2 ""._. "'? 4 '.. .~ ) T z:?_" .-
. “ ‘ .‘ . ‘,_...'- 3 "._.‘ < o N

' ‘:l. )
P P .. -

of the visible universe is about
times th

- iy &1 LT T e

- . . .- * . vis e -
. - : . ) L o b s
- e LGRS y 2 5 b £ :
. . . 3 ' . s . - o 2
’ v ~ s . ; . f. - ) : '. ’ ; A e ._ : “
- ' - - . Lt






10—5 seconds

0—1% seconds

10—34 second

1043 second's

1032 degrees /
107 degrees

0'> degrees

w radiation € positron (anti-electron)
o  particles . proton

W*% heavy particles @® neutron

Y ::::\Yv?agk force @ e

2 H hydrogen

2 qure D deuterium

§ anti-quark He helium

€. electron Lﬂ lithium

) /74

3 minutes

1010 degrees

N\
1 thousand million years:

300 thousand years

yrs

10° degrees

)+

~ 200

6000 degrees

15 thousand million years

uman lifespan

3 degrees K

t = 13.7 billion yrs



'
B
- .’-
- ’ . 1 ./
! fraiby o cmw Aol e pe P e --r":‘v P B A S LR Y LR
e snre Lrad - oo L"-y.:,.,. :
ewipeSelanpe | rr.~ |.‘ P P g A
. .
g ‘. ln--l\ . . - >
.
.
.
.
Al
. -
-
.
p £
-
.
’
.
.
’
-
.
~

I that mak f_ hings dlfflcult understan‘d

- -



The Ouroboros
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Landmark moments in the early

Universe



t=0.00000000000000000000
000000000000001 sec

15 thousand million vears
The cosmic microwave
background is emitted
300 tho
3 minutes

(t ~350,000 yrs)
Production of / .

dark matter
(t~1010s)

1032 degrees

t = 13.7 billion yrs

Cosmic inflation

Quantum fluctuations
(t~103%5s)
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g€ The heat from the Blg Bang

University of Durham

By today, the radiation from the Big Bang has cooled to 2.7 degrees
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ty The echo of the Big Bang

In 1964, Arno Penzias & Bob Wilson were carrying out experiments using a
microwave antenna for satellite communications.

As they pointed the antenna towards the sky, their receiver registered a faint
‘hiss’ coming from all directions that would not go away.

Institute for Computational Cosmology




M The temperature of this
The blgn __ radiation should show i""f;.,;*\i‘\
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The cosmic microwave background radiation (CMB)
provides a window to the universe at t~3x10° yrs

In 1992 COBE discovered temperature fluctuations (AT/
T~10-°) consistent with inflation predictions




THE INDEPENDENT

A Nasa spacecraft has detected «

BACK TO CREATION

How the universe evolved
from the Big Bang, through
the first three minutes, to the
first clusters of matter 300,000
years on. By 15 billion years
humanity had emerged from
the dust of the stars.

| lifeon Earth smerqa 1 billion years

Epoch of recombination: the firstripples of cosmi
Discovery announced yesterday
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the stars after the Big Bang has|

FOURTEEN thousand million

esterday,
announced that’ thcy have heard
the echo.
A Nasa spacecraft has detected
at the edge of the Cosmos
are the fossilised i t of
the birth of the stars and galaxies
around us today, -
According to Michael Rowan-
Robinson, a leading British
cosmologist, “What we are seeing

‘here is the moment when the

structures we are part of — the
stars and galaxies of the universe
 Thavip e wers apsesd by

¢ ripples were spotted by the
Cosmic

Explorer
(Cobe) satellite and presented to

‘excited astronomers at a meeting

of the American Physical Socicty
in Washington yesterday.

“Oh wow ., .you can have no
idea how exciting this is,” Carlos
Frenk, an astronomer at Durham
University, said yesterday. “All
the world’s cosmologists are on
the telcphonc to each other at the
moment trying to work out what
these numbers mean.”

Cobe has provided the answer
to a question that has baffled sci-
entists for the past three decades
in their attempts to understand
the structure of the Cosmos. In
the 1960s two American research-
ers found definitive evidence that
a Big Bang had started the whole
thing off about 1S billion years
ago. But the Big Bang would have
spread matter like thin .gruel
evenly throughout the universe,
The problem was to work out how

the lumps (stars, planets
and galaxies) got into the
porridge.

“What we have found is
evidence for the birth of
the universe,” said Dr
Georgé Smoot, an astro-
ghysncm at the University

f California, Berkeley,
and the leader of the Cobe
team.

Dr Smoot and col-
leagues at Berkeley joined
researchers from several
American research organi-
sations to form the Cobe
team. These lncluded thc
Goddard Spaoe
Center, Nasa’s Jet Propul
sion Laboratory, the Massachu-
setts [nstitute of Technology znd
Princeton-  University.  Joel
Primack, a physicist at the Uni-
versity of California at Santa
Cruz, said that if the research is
confirmed, “it’s one of the major
discoveries of the century. In fact,
it’s one of the major discoveries
of science.”

Michael Turner, a University
of Ctucago physicist, called the
discovery “unbelievably impor-
tant... The significance of this
cannot be overstated. They have
found the Holy Grail of cosmol-
ogy. ..if it is indeed correct, this
certainly would have to be consid-
ered for a Nobel Prize.”

Since the ripples were created
almost 15 billion years ago, their
radiation has been travelling to-
ward Earth at the speed of light.
By detecting the radiation, Cobe
is “a wonderful time machine”

3 minutes

Stable subnuclear particies,
neutrons and protons,
are formed
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able to view the young uni-
verse, Dr Smoot said.

A remnant glow from
the Big Bang is still around
today, in the form of mi-
crowave radiation that has
bathed the universe for the
billions of years since the
explosion, Galaxies must
have formed by growing
gravitational forces bringing mat-
ter together. To produce a
“lumpy” universe, radiation from
the Big Bang should itself show
signs of being lumpy.

Cobe, which has been orbiting
500 miles above the Earth since
the end of 1989, has instruments
on board that are sensitive to this
extremely old radiation. The rip-
ELets Cobe has found are the first

d evidence of the long-sought
lumpiness in the radiation.

Cobe detected almost imper-
ceptible variations in the tem-
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@ g€ € Planck: CMB temperature anisotropies
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Planck coll. 2015
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The formation of galaxies
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low to make a virtual universe

University of Durham

Initial conditions + assumption about content of Universe

Equations of physics:
General Relativity

Mechanics
Radiative hydrodynamics

Atomic physics, etc

Institute for Computational Cosmology




z = 48.4 1

0.05 Gyr

'500 kpc









The Eagle Simulations SB

EVOLUTION AND ASSEMBLY OF GALAXIES AND THEIR ENVIRONMENTS

The Hubble Sequence realised in cosmological simulations

Irr Trayford et al ‘15



Ripples seen as hot & cold spots - /¢
in cosmic radiation S

\ .."_‘?‘:W -“'&‘:f;. ‘/ ‘:‘..;; g L&
CEr 8 .25
Recent measurements of CMB
temperature fluctuations and of the galaxy

distribution confirm this paradigm.

Galaxies
(t~13x10%rs)
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‘ The future ‘
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here seems to be a deep connection between the
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